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Background Hydrogen Sulfide
Hydrogen sulfide (H2S) is notorious for being a foul-smelling and toxic gas, as it is known to cause the odor of rotten eggs and is lethal to humans between 500 and 1,000 ppm. 1 This colorless gas can be found in volcanic gases, septic tanks, sewers, and water treatment plants, and is produced when certain bacteria break down matter during anaerobic respiration. 2 H2S can also be harmful at lower levels, causing respiratory issues, eye irritation, and loss of smell at just 150 ppm.
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Despite its toxic reputation, H2S has been shown to be vital to human life. H2S is produced in the human body by three main enzymes: cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (MST). H2S was originally believed to be insignificant metabolic waste, but it is now recognized as one of the three endogenously produced gasotransmitters alongside carbon monoxide (CO) and nitric oxide (NO). 4 A gasotransmitter is a small, dissolved gas molecule that is freely permeable to membranes and has well defined signaling functions in various physiological pathways. 
HS -Binding in the Literature

Reversible Receptors
In 2012, Czyzewski and Wang discovered an ion channel for HS -transport in bacteria ( Figure 1 
A New Method for H2S Detection
The increasing biological relevance of H2S as a gasotransmitter present in various pathways as HS -has resulted in a need for better methods for detecting these species. The irreversible H2S probes are impractical for understanding biological processes since they permanently react with H2S and disturb its concentration. A reversible receptor would solve this issue and the process of developing it could also provide insights into how certain channels and proteins interact with HS -in biology.
The reversible synthetic receptor described in this thesis is the first of its kind in what it binds and how it binds. By non-covalently binding HS -, these receptors provide a new paradigm of H2S detection and uncover how this anion might be interacting in nature.
Methods and Materials
Methods
Synthesis of the HS -Receptor
The preparation of receptors 1, 2, and 3 ( Figure 3 ) was carried out by Ryan
Hansen of the Johnson lab at the University of Oregon (UO). The same general bis(ethynylaniline) structure was the basis for all receptors synthesized in this study. As shown in Figure 4 , these receptors contain an aromatic core (in red) with two symmetric ethynyl arms (in blue) in the ortho positions. These arms support two aromatic urea moieties (in green), which complete the binding pocket. The receptor can be modified at several positions, as denoted by the 'X' and 'R' groups.
Each synthesis of the receptors followed the reaction scheme seen in Figure 5 .
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In the first step, tert-butyl aniline is iodinated in the 2 position, followed by a Sonogashira cross-coupling reaction to produce the ethynylaniline. A further Sonogashira cross-coupling reaction incorporates these arms to the core. The attack of the aniline moieties on phenylisocyanates yields the complete receptor. 
Modulating the Receptor
As previously stated, this receptor could be modified in several positions. In this study, two of these positions were targeted with the aim of increasing HS -binding selectivity. Figure 3 in the introduction displayed the different derivatives of the receptor and showed the 'X' and 'R' points that were modulated to yield a family of three receptors. By altering the 'X' position to be either a nitrogen atom or a carbonhydrogen bond, we find that the additional hydrogen bond donor in that position increases the HS -binding ability of the receptor. Furthermore, modifying the 'R' group to be either a hydrogen atom or a more electron-donating methoxy group tunes the strength of the hydrogen bonding interactions of the urea N-H groups to the HS -anion.
UV-vis Titrations
One method for detecting and measuring the binding of a receptor and the HS As HS -is slowly titrated into a solution with the receptor, the absorption at specific wavelengths changes, and this can be tracked by collecting a UV/vis spectrum after each addition. This change in absorption happens because the receptor binding the anion alters the electronic environment of the whole molecule, thus changing the absorption at specific wavelengths. The concentrations of both the receptor and the anion are used with the change in absorption to calculate an association constant (Ka).
These association constants are obtained by fitting the titration data to a 1: 
H NMR Titrations
Another method for detecting and measuring the binding of a receptor and the HS -anion uses NMR spectroscopy. Ryan Hansen performed the 1 H NMR titrations for these specific receptors. NMR stands for nuclear magnetic resonance, and this type of spectroscopy reveals the structures of molecules by measuring how specific atoms in molecules respond to a magnetic field. 1 H NMR spectroscopy produces a spectrum that describes the environment of every hydrogen atom in a molecule. This method is not only useful for determining the structure of molecules, but also observing changes in the electronic environment around the molecule.
When taking an 1 H NMR of a receptor, a spectrum of the hydrogen atoms in that receptor is produced. As soon as HS -anions enter the solution and bind to the receptor, the environment around the hydrogen atoms in the receptor involved in the binding of HS -will change and a slightly different spectrum will be produced. This is the basis around 1 H NMR titrations. HS -anions are slowly titrated into a solution with the receptor and the change in the receptor is measured using an NMR spectrometer. The concentrations of the receptor and the HS -anion in the solution and the change in the spectra are used to calculate the Ka.
1 H NMR spectroscopy is also used in measuring the reversibility of the interaction between the receptor and HS -. Four equivalents of zinc acetate, Zn(OCOCH3)2, were added to the solution of the receptor and HS -to precipitate out ZnS and restore the original NMR spectrum of the receptor. Ryan Hansen also performed this experiment.
X-Ray Crystallography
To further confirm that the binding interaction was 1:1, Ryan Hansen grew Xray diffraction quality crystals of the receptor/HS -adduct. These crystals were obtained by dissolving an equimolar amount of the receptor and HS -in a solution of tetrahydrofuran (THF) and then layering n-hexane on top of this solution.
Materials
Spectrometers 1 H NMR titrations were carried out on an Inova 500 MHz spectrometer. UV-vis titrations were carried out on a Cary 100 spectrophotometer in the Pluth lab.
Chemicals and Glassware
NBu4SH was synthesized by Matt Hartle and used as a source of HS -for the titration experiments. 14 This was important because NBu4SH is soluble in the organic solvents used for these experiments. The receptors made by Ryan Hansen were dissolved in acetonitrile, and the UV-vis titrations were done in 100% acetonitrile in an air-free environment. Acetonitrile was degassed by sparging with argon followed by passage through a Pure Process Technologies solvent purification system to remove water and stored over 4Å molecular sieves in an Innovative Atmospheres N2-filled glove box. Titrations were prepared in the same glove box, and septum-sealed cuvettes were used to perform the UV-vis experiments. 10 µL Hamilton syringes were used to administer the small amounts of NBu4SH into the cuvettes.
Experimental Results and Discussion
Receptor Selectivity 1 H NMR and UV-vis titrations were all repeated in triplicate to produce consistent binding data. As previously mentioned, Ryan Hansen performed the 1 H NMR titrations, and I performed the UV-vis titrations. Consistent association constants were achieved in both methods; therefore, I will only refer to and discuss the results from the UV-vis titrations for this section.
During the UV-vis titrations, scans were taken after each addition of HS -, producing spectra, of which Figure The change in absorbance at each wavelength can be plotted into what is known as a difference plot. Figure 8 displays a difference plot for the titration in Figure   7 . The change in absorbance is more clearly represented and creates a binding curve at an accurate wavelength. The binding curve in Figure 8 shows the change in absorbance at 333 nm, so a decreasing absorbance is observed. This can be compared to the binding curve in Figure 7 , which tracks the absorbance at 360 nm and shows an increase in absorbance. Both plots represent receptor 2 binding HS -. When calculating the Ka four different wavelengths are used as seen in Table S1 . is the least selective, and receptors 2 and 3 show the most selectivity with differences in log(Ka) of 1.11 and 1.37, respectively. This means that these two receptors bind to HS -over a whole order of magnitude more strongly than they bind to Cl -. Even though receptor 1 has the highest Ka for HS -, it is intriguing because it has the least selectivity toward HS -when compared to receptors 2 and 3.
There are two areas to look at to determine what is causing this increased selectivity in receptors 2 and 3: the 'X' and the 'R' groups on the receptor. Since the 'X' group is so directly involved in the binding pocket, it is the best place to perform analysis on this selectivity. Receptors 2 and 3 both have a pyridine core, meaning they have a nitrogen atom in the 'X' position. This pyridine core assists in the selectivity because the nitrogen can act as a hydrogen bond acceptor for the hydrogen in the HS The 'X' group in receptor 1 is a carbon atom bonded to a hydrogen atom, giving the receptor what is called a phenyl core. As seen in the table, this phenyl core produces the highest binding constants for both Cl -and HS -. This is likely due to the ability of the phenyl carbon to donate a slightly positive hydrogen atom when binding the negatively charged anions. Since this interaction produces the highest Ka's, it must be crucial in establishing high binding constants for both anions.
While the phenyl core produces the highest binding constants for both anions, the pyridine cores produce the highest selectivity for HS -. This is contrary to an initial hypothesis that the pyridine core would also produce the highest binding constants. This was based on the knowledge that the pyridine receptors had the hydrogen bond accepting nitrogen atom in the core that was thought to might stabilize the interaction with HS -more than the hydrogen bond donating phenyl core. This hypothesis was wrong as the phenyl core proved to be more important in achieving high Ka's while the pyridine core played a bigger role in the selectivity between HS -and Cl -.
Receptor Reversibility
Ryan Hansen provided data that confirmed the reversibility of these receptors.
After taking an initial NMR of just the receptor, he added HS -to generate the host-guest adduct. The NMR of the host-guest complex showed a shift in peaks as seen in Figure   9 . The addition of zinc acetate restored the original receptor peaks, showing the interaction does not covalently modify the receptor and is thus reversible. Figure 10 shows the crystal structure obtained by Ryan Hansen confirming the binding and orientation of the receptor-HS -complex. This was obtained through X-ray crystallography, a method that reveals a snapshot of the host-guest complex in solution.
Crystal Structure
The five hydrogen bonds from receptor 1 are represented with the dotted lines in Figure   10 . is red, nitrogen is blue, hydrogen is white, and sulfur is yellow.
Conclusions
The work presented in this thesis details the preparation and characterization of the first reported example of reversible HS -binding. As seen in the solid-state structure, there are similarities between this receptor binding HS -and Cl -. The number of hydrogen bonds involved in the binding interaction is the same for both anions, and the lengths of these hydrogen bonds are also very similar. The orientation in which this receptor wraps around HS -is almost identical to the geometry it uses in binding Cl -.
Despite these similarities, there are differences in how these receptors bind these two anions once certain functional groups on the receptor are modulated. With these factors contributing to a stronger interaction with HS -, it seems logical that a pyridine core would be the best way to bind HS -. However, the phenyl core displayed higher association constants for both anions. This demonstrates that the hydrogen bond donating carbon in the phenyl core is a key factor in binding anions of this size and should be considered when strong binding is desired over selectivity.
Future Directions
This Pluth lab is currently investigating how receptors not only bind HS -but also HSe -. As the library of receptors expand, the knowledge of how these anions operate in pathways and proteins will develop to a new level.
After these short-term goals are achieved, the long-term goal is to create a receptor that detects HS -in biological environments. Involving the right receptors and anions in this research will ideally lead to a reversible receptor that senses biological HS -concentrations in real-time. This tool would be fundamental in exploring potential treatment options in diseases that involve H2S pathways and would display that basic science research is imperative in supporting advancements in applied science. 
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